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Abstract
A time-of-flight spectrometer of neutrons in the energy range (0.05 –
2.5) µeV is described. This spectrometer has been tested my measuring
the total and differential neutron cross sections for a number of materi-
als: Al, Cu, 6LiF, Si, Zr, teflon, polyethylene and liquid fluoropolymers,
that are essential for experiments in the physics of ultracold neutrons.
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Keywords: Ultracold neutrons; Total cross section; Elastic neutron scattering
1 Introduction
Ultracold neutrons (UCN) [1] with energy less than ∼ 0.25 µeV can be confined within closed volumes over
periods of time as long as the neutron β−decay. This phenomenon has found well known applications in the
investigations of fundamental properties of the neutron [2]: searching for the neutron electric dipole moment,
measuring the neutron lifetime, investigation of angular correlations in neutron decay. The examples of appli-
cations of very low energy neutrons in the µeV energy range and lower for studies in condensed matter physics
are rather scarce (see for example the reviews [3, 4]).
Owing to the very low neutron energy it is possible to reach rather high energy and momentum resolution:
∼1 neV and ∼ 10−4 A˚−1 respectively.
This high resolution opens up the obvious new possibility in investigations of supramolecular structure and
dynamics of matter due to high sensitivity of very low energy neutrons to scattering on the objects of the size
10-1000 A˚. The latter is particularly interesting foe studying in the soft matter, in physics of polymer and
biological science, where slow motion of large molecules and clusters present one of most interesting and
poorly investigated domains.
The only reason for such a modest scale of application of very low energy neutrons in condensed matter
research is low intensity of neutron flux in the very low energy range.
The best up to now source of neutrons in this energy range - ILL UCN turbine [5] yields∼ 50 n/(cm2s neV)
in the maximum of the neutron spectrum in vicinity 750 neV (v≈12 m/s) and the UCN density in the storage
mode ∼40 cm−3.
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Last years brought hope for significant progress in intensity of very low energy neutron beams after commis-
sioning of new UCN sources [6, 7, 8]. It is connected with possible use of the most effective cold moderators:
solid deuterium [9] or solid deuterocarbons at low temperatures∼5-10 K for production of very cold neutrons.
2 Description of the spectrometer
As applied to UCN, the necessity to have a neutron guide tube in the flight path in order to prevent neutrons
from falling in the gravitational field (on a 1-m-long flight path, a neutron with velocity 5 m/s falls down in the
gravitational field by 20 cm) is a significant drawback of time-of-flight neutron spectrometers with a horizontal
location of the flight path [10].
Nonmirror neutron reflection from the surface, proceeding with a some probability even in the best mirror
neutron guide tubes, changes the measured longitudinal component of the neutron velocity. Moreover, in
relatively long neutron guides with a large number of neutron reflections from the walls of the neutron guide
tubes on the path from the chopper to the detector, diffuse scattering of a portion of neutrons causes the neutron
guide tube to act as a storage chamber. This phenomenon is intensified by the fact that neutrons with lowest
energies are reflected from the surface of the detector entrance windows. All these facts result in hold-up of
scattered neutrons and distortions in the measured spectrum. With this in mind we used previously in the flight
path of the time-of-flight spectrometers with a horizontal neutron guide the shortest possible neutron guide
tubes (<50 cm long), a special nonreflecting neutron detectors, and the fastest admissible for the UCN beam
modulation in order to attain an acceptable resolution of 2-3 neV [11].
In the described here spectrometer, the flight path has a vertical geometry, and the large area detector is
located in a horizontal plane, so that the neutron guide tube is needless. Neutrons are accelerated on the flight
path between the sample and the detector in the gravitational field; as a result, the probability that a neutron
will be reflected from the surface of the detector’s entrance window becomes almost zero.
By contrast to the vertical time-of-flight spectrometers of very slow neutrons with the flight path located
ahead of the sample [12, 13], the flight path of our spectrometer is disposed past the sample. This allows us to
measure angular distributions of scattered neutrons and, hypothetically in future, measure doubly differential
cross sections d2σ/dΩd, provided that the neutron beam incident on the sample is monochromatized. The
axial geometry with respect to the vector of the gravitational field permits the use of a coordinate detector for
meausuring, without distortions, the angular distribution of scattering of the collimated neutron beam.
The angular distribution of scattered neutrons must also be monitored in measurements of the total cross
sections, in which the elastic cross section component of the total cross section should be separated from the
inelastic component: at very low energies, elastic scattering basically proceeds on inhomogeneities and can be
distinguished in angular distributions.
The schematic diagram of the spectrometer is shown in Fig. 1.
Neutrons travel over neutron guide tube 1, which is bent through 90o, toward collimator 2 and then to chop-
per 3 of the collimated beam. Additional collimation of the neutron beam is effected by collimator 4 located
past the chopper. Samples 11 under investigation are located in sample holder 5 inside the vacuum chamber
and can be cooled to low temperatures by pumping liquid nitrogen through the sample holder. The sample
holder parts shown in the inset in Fig. 1 are used for better maintenance of the temperature conditions. Scat-
tered neutrons that passed the sample enter vertical evacuated flight path 7 and move in parabolic trajectories
8 in the Earth’s gravitational field. The axis of these parabolic trajectories coincides with the vertical axis of
the ring detector.
Neutrons are detected by gas-filled coordinate annular detector 9, which is located in a horizontal plane and
has ring geometry (the radial width of the ring counters is 3.4 cm, and maximum radius is 29 cm). The vertical
distance from the chopper to the detector plane may be 79 cm or 160 cm, however the latter variant has not yet
been tested.
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Figure 1: The scheme of the spectrometer: 1 - neutron guide, 2 and 4 - collimators, 3 - chopper,
5 - sample holder, 6 - VAT valve, 7 - vacuum barrel, 8 - neutron trajectories, 9 - annular
neutron position sensitive detector, 10 and 13 - Si plates, 11 - sample, 12 - copper rings, 14
- copper holder, 15 - liquid nitrogen.
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Between the vacuum time-of-flight barrel 7 and the sample chamber 5, there is large-diameter vacuum gate
valve 6 (VAT DN 160) used to replace samples without putting atmospheric air into the barrel.
The replaceable chopper discs of 42.8 cm in diameter are made of 3 mm-thick polyvinylchlorid coated with
a gadolinium-containing paint. The chopper rotation frequency may varied from 3 to 8 Hz and is electronically
stabilized with precision ∼ 2× 10−4. The chopper is driven by a SP-361 dc motor via a magnetic clutch. The
trapezoidal windows in the chopper discs are 2, 4 and 8 cm wide, wich corresponds to ∼ 2, 4 and 8% of the
open beam time with respect to the chopper rotation period.
A start signal from the chopper is produced by a LED via a slit drilled in the disc on the side opposite to
the chopper window.
The 8-ring coordinate detector has a thickness of 1 cm and is filled with a mixture of 50% 3He and 50% CF4
( we used 10BF3 gas at the first stage) to a pressure of ∼100 mbar. This corresponds to nσ ≈1.5 for neutrons
with velocity 10 m/s.
A 100-µm-thick aluminium foil supported by stainless steel grid is used as a membrane of the entrance win-
dow of the coordinate detector. The inner surface of the time-of-flight volume and the surface of the stainless
steel grid are covered with polyethylene to prevent neutrons with very low energies from being reflected.
This spectrometer has been used to measure the total and differential neutron cross sections. In the future,
it is expected that doubly differential cross sections d2σ/dΩd will be measured.
From the obvious relations for vertical and horizontal velocity components
vvert =
h
t
− gt
2
, vhor =
r
t
, (1)
where h is the vertical distance between the planes of the chopper and the detector, t is the neutron time-of-
flight, r is the radial coordinate of the neutron detection point, and g is the gravitational acceleration, it is easy
to obtain:
v =
(r2 + h2
t2
− gh+ (gt
2
2
)2
)1/2
. (2)
The uncertainties in velocities depending on uncertainties in h, t and r, are
∆vh =
2h− gt2
2vt2
∆h, ∆vt =
(gt2)2 − 4(r2 + h2)
4vt3
∆t, ∆vr =
r
vt2
∆r. (3)
The error in determining the horizontal coordinate is determined by detector ring width ∆R and the uncertainty
due to angular spread ∆θ of the incident neutron beam, which is equal to ∆θ(r2 + h2)/h.
The uncertainties in the neutron energy are shown in Fig. 2 at ∆t=3 ms and 6 ms, h=79 cm, ∆h=0.5 cm and
∆r = 1.7 cm. These uncertainties are weakly dependent on the radius of the detector R. The main contribution
to these uncertainties comes from ∆t.
The expressions for the neutron wave vector transfer Q with account of gravity are:
sinθ =
r
vt
, Q = 2k · sin(θ/2), (4)
k(A˚−1) = 1.588×10−5v(cm/s). The expressions for the uncertainties in Q, which include angle of divergence
of the incident beam ∆θ, and the uncertainties in h, t, and r are rather sophisticated and are not shown here.
The calculated energy dependence of Q and ∆Q are shown in Fig. 3 for two values of radii of the neutron
detector rings R of 6.6 cm and 27 cm, h=79 cm and ∆t=3 ms.
The tests included investigation of the properties of position sensitive gas neutron detector filled with differ-
ent gases: 10BF3 and a mixture of 3He and CF4, optimization of the neutron collimators and test measurements
of the total and differential cross section for several samples. On-line monitoring and recording of pulse-hight
spectra from all rings of the detector was carried out in all measurements. Minimization of the background
and optimization of the detector radiation shielding under conditions of a low neutron flux were also essential.
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Figure 2: Calculated energy resolution of the spectrometer at a flight path length of 79 cm.
The total and differential cross sections were measured with rather good (for this energy range) collimation
of the incident beam, since, at collimation such as this, the influence of the sample structure manifests itself to
the maximum degree. All the measured samples are relevant to the experiments in UCN physics and therefore,
a matter of some practical interest. The Al and Zr foils are used as entrance windows in UCN detectors, the
exit windows in the neutron sources, and, sometimes, as energy filters of neutrons in some specific experiments
with UCN. Polyethylene is used as an ”ideal” UCN absorber, in particular, in gravitation UCN spectrometers
[14, 15] and for calibration of UCN losses in the UCN storage chambers. Fluoropolymers are now thought to
be the best coatings for walls of UCN storage chambers [16]. 6LiF layers are used in some UCN detectors
[17]. Being a very homogeneous material, silicon single-crystal wafers presented our special interest and have
found applications in our experiments with very cold neutrons. Their good feature is that they do not broaden
the collimated neutron beam and are therefore suitable for sample chambers in neutron scattering experiments.
3 Measurements and results
The measured scattering cross sections of very slow neutrons are shown in Figs. 4-7. Figs. 4 and 5 illustrate
the transmission of neutrons through an inhomogeneous polycrystalline medium.
The transmission of slow neutrons through inhomogeneous media was investigated earlier in [18]. It was
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Figure 3: Calculated resolution in transmitted wave vector Q (solid lines) and ∆Q (dashed
lines) at ∆t=3 ms and a flight path length of 79 cm.
shown that, based on the transmission as a function of the neutron wave length, one can deduce characteristic
parameters of inhomogeneities, in particular their size and density. Our measurements were performed at
large wavelengths, up to ∼103 A˚, for which the sensitivity to scattering on inhomogeneities and clusters is
substantially higher and the measured cross sections are several orders of magnitude greater than the cross
sections extrapolated from the energy range of cold neutrons according to the 1/v law.
It is known that in the Born approximation the differential macroscopic cross section for elastic scattering
of neutrons passing through an isotropic inhomogeneous medium has the form [19]:
dΣel
dΩ
=
1
pi
(
m
h¯2
)2
∫ ∞
0
G(ρ)
sin(qρ)
qρ
ρ2dρ, (5)
where m is the neutron mass, q = |~k′ − ~k| is the change of the neutron wave vector upon scattering, and
G(~r, ~r′) =< δU(~r)δU(~r′) >, is the correlation function of fluctuations of the local neutron-medium interaction
potential, and (ρ = |~r′ − ~r|).
This potential is
U =
h¯2
2m
∑
i
4piNibi, (6)
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Figure 4: Total cross sections for Al (Goodfellow, 99.99%, not annealed), Cu (Goodfellow,
99%, annealed), and Zr (Goodfellow, 99.8%, 50 µm, not annealed) foils. The straight
lines are the result of extrapolation of cross section from the region of cold energies ac-
cording to 1/v law for Al (σtot=1.8 b at an energy 0.6 mev [23], neutron capture cross
section for Cu [23] and cross section for Zr (σtot=1.45 b at the energy 1 mev) [23]. The
curves passing through the experimental points is result of fitting for Al according to Eq.
(12) with G0 = (6.5 ± 2.7)neV 2, ρ0 = (456 ± 190) A˚, for Cu according to Eq. (12)
with G0 = (13 ± 3)neV 2, ρ0 = (294 ± 35) A˚, and for Zr according to Eq. (9) with
G0 = (1.9± 0.12)neV 2, ρ0 = (840± 95) A˚.
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Figure 5: The total cross section for the Teflon film 10 µ m thick and 6LiF layer 240 µg/cm2
thick. The solid lines are the results of the extrapolation of the cross section for Teflon from
the region of cold energies according to the 1/v law with σtot=5.18 b/atom for an energy
0.376 mev [21], capture cross section for 6LiF , and the results of fitting of the experimental
points for Teflon according to Eq. (12) with G0 = (400± 25)neV 2, ρ0 = (170± 15) A˚.
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where Ni is the atomic density and bi is coherent scattering length of nuclei in the medium, so that δU(~r) =
U(~r)− < U(~r) >.
After integrating over the solid angle with due account of the solid angle of the neutron detector the total
cross section is presented as:
Σel(k) = 2(
m
h¯2
)2
1
k2
∫ ∞
0
G(ρ)[cos(2kρ · sinθ0)− cos(2kρ)]dρ, (7)
where 2θ0 -is the angle with which the neutron detector is viewed from the sample.
For the exponential correlation function
G(ρ) = G(0)e−ρ/ρ0 , (8)
where ρ0 is the correlation length, the expression for the total cross section is
Σel(k) = 2(
m
h¯2
)2
G0ρ0
k2
[ 1
1 + 4k2ρ20sin
2θ0
− 1
1 + 4k2ρ20
]
, (9)
and the differential cross section has the form
dΣel
dq
=
2piq
k2
dΣ
dΩ
=
4q
k2
(
m
h¯2
)2
G0ρ
3
0
(1 + q2ρ20)
2
. (10)
For the Gaussian correlation function
G(ρ) = G(0)e−(ρ/ρ0)
2
, (11)
the respective total cross section is
Σel(k) =
√
pi(
m
h¯2
)2
G0ρ0
k2
[
e−(kρ0sinθ0/2)
2 − e−(kρ0/2)2
]
(12)
and the differential cross section is
dΣel
dq
=
2piq
k2
dΣ
dΩ
=
√
pi
2
(
m
h¯2
)2
G0ρ
3
0q
k2
e−(ρ0q/2)
2
. (13)
These formulas were used to interpret measurements of the total and differential cross sections for scatter-
ing from inhomogeneous samples (see also [18, 19, 20]). It has been determined in our work that, in some
cases, one of the correlation functions (a Gaussian or exponential function) provides better agreement with the
experimental data, but, in other cases, the difference in χ2 for these two models is inessential: both models
represent experimental data well.
The following parameters of the correlation functions provide the best description of the measured cross
sections:
Al (Gaussian): G0 = (6.5± 2.7)neV 2, ρ0 = (456± 190) A˚;
Cu (Gaussian): G0 = (13± 3)neV 2, ρ0 = (294± 35) A˚;
Zr (exponential): G0 = (1.9± 0.12)neV 2, ρ0 = (840± 95) A˚;
Teflon (Gaussian): G0 = (400± 25)neV 2, ρ0 = (170± 15) A˚.
The total cross section of Teflon (Fig. 5) is two orders of magnitude larger than the total cross section
extrapolated from the region of cold neutrons [21] and demonstrates the very high degree of inhomogeneity of
this material.
Measuring the transmission of thin 6LiF layers (with 90% 6Li content, we see that, even in this case,
the total cross section is much greater than the extrapolated very large cross section for neutron capture by
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Figure 6: Total neutron cross sections for silicon and fluoropolymers. The straight lines passing
through the experimental points are the fits according to Eq. (14) for silicon with σ0 =
3.26± 2.3) b, a = (0.122± 0.005) b/A˚, for liquid fluoropolymer at room temperature with
σ0 = 1.53± 2.2) b and a = (8.83± 0.5)× 10−2 b/A˚, and for the solid-state fluoropolymer
at T=90 K σ0 = 3± 3) b and a = (4.15± 0.5)× 10−2 b/A˚.
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Figure 7: Total neutron cross section for the polyethylene film 7.88 mg/cm2 thick. The straight
lines passing through the experimental points are the fits according to Eq. (14) with σ0 =
96± 18) b, a = (2.07± 0.04) b/A˚.
6Li nuclei (Fig. 5). This indicates that the 6LiF layers obtained using the method of thermal evaporation in
vacuum have a very high degree of inhomogeneity. Such a strong scattering from inhomogeneities will result
in significant albedo of very slow neutrons and in a decrease in the UCN detector efficiency [17], particularly
for neutrons near the potential barrier of the detector material.
Knowing parameters, characterizing the inhomogeneity of materials, one can calculate the transport of slow
neutrons in the medium and the neutron albedo from this medium.
Figures. 6 and 7 demonstrate examples of homogeneous materials that do not show exhibit deviation from
the inverse velocity law in their total cross sections.
The total cross section curves (Fig. 6) for Si-wafers and fluoropolymers at room temperature (liquid state)
and low temperatures (90 K, solid state) do not show any sign of inhomogeneities. The measurements of the
angular distributions of neutron scattering for these materials have not demonstrated any broadening of the
collimated UCN beam.
The total cross section of silicon (Fig. 6) is in good agreement with the cross section extrapolated from the
11
Figure 8: Differential cross section for copper. The squares and the circles correspond to two
different detector rings.
energy range of cold neutrons [22, 23] according to 1/v law and can be fitted by the dependence
σ = σ0 + a · λ′ , (14)
where λ′ is the neutron wavelength in the substance (corrected for the Fermi potential of the sample mate-
rial), with parameters σ0 = (3.26 ± 2.3) b, a = (0.122 ± 0.005) b/A˚. This cross section is the sum of the
energy-independent elastic coherent scattering and the cross section of neutron capture and heating, which are
proportional to the neutron wavelength.
The low temperature liquid fluoropolymer POM-3102 is the mixture of complex polyfluorooxymethylenes
having the general formula CF3O(CF2O)n(CF2CF2O)m(OCF2CF2O)l CF3 with n : m : l = 65.8 : 3.1 : 0.2
and a molecular weight 4883. The measured total neutron cross section for this polymer yields the following
parameters for Eq. (14): σ0 = (1.53 ± 2.2) b/atom, a = (8.8 ± 0.5) × 10−2 b/(atom A˚) at 300 K, and
σ0 = (−3± 3) b/atom, a = (4.2± 0.5)× 10−2 b/(atom A˚) at 90 K.
Fig. 7 shows the total cross section for polyethylene film. No visible deviation from 1/v law is observed
at the degree of precision of the test measurements, but our tentative measurement of the differential cross
section reveals certain elastic scattering from density inhomogeneities even for such a material with small
2The investigated substances were produced by the Perm’ branch of the Russian Scientific Center ”Applied Chemistry”
12
strength of coherent scattering (U≈-9 neV). The fit of the total cross section data in accordance with Eq.
(14) provides: σ0 = (96 ± 18) b, a=(2.07 ± 0.04) b/(atom A˚). From the measurements, it follows that with
account of the neutron capture, extrapolated to the thermal point UCN upscattering contribution is σups,extr =
(2.07± 0.4)× 1.8− (0.334× 2/3) = (3.5± 0.08)b/atom of the (CH2)-complex.
Fig. 8 presents the example of the measured differential cross section for copper.
The parameters of sample inhomogeneity appeared to differ from the parameters obtained from the total
cross section: Cu (Gaussian): G0 = (18±4)neV 2, ρ0 = (420±45) A˚. Analysis of more sophisticated models
describing density fluctuations in inhomogeneous media calls for a more comprehensive investigation, which
is beyond the scope of this test study.
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